The objective of this study was to develop a mechanical stress model applied to the rat periodontium by means of moving teeth with magnitude-and direction-controlled orthodontic forces for a long period. Three length-differed titanium screw implants (3.0, 3.5 and 4.0mm in length) were used as anchorage for tooth movement. The upper first molars were moved mesially up to 28 days using three newly-developed force-differed super-elastic titanium-nickel (Ti-Ni) alloy closed coil springs (2, 10 and 35gf in load). The survival rate and the pull-out test data for each screw implant revealed that a 4.0mm-long screw implant was the most stable. By tooth displacement evaluation and histological observation, a 2gf-loaded spring provided the minimally detrimental effects on the periodontium and efficiently continuous tooth movement.
Introduction
In rat, various periodontal-mechanical stress models have been designed by applying orthodontic forces (1) (2) (3) . Orthodontic metal materials have also been developed, especially light continuous force material (4) (5) (6) . Periodontal responses to the magnitude and duration of orthodontic forces must be reconsidered to clarify the optimal duration of the light orthodontic force application.
Although the mechanical stress model developed by Waldo (7) is very simple and easy to implement, it is difficult to apply a light or continuous orthodontic force. Most other mechanical stress applications in small animal models also cannot apply a light continuous force for long durations (8, 9) . In recent years, some experiments have been designed to use a light force through the development of super-elastic titanium-nickel (Ti-Ni) alloy wires (10) (11) (12) (13) (14) . Most used the incisors or molars, which resulted in unstable anchorage and an undesirable force direction of tooth movement. Therefore, frequent activation or replacement of the appliance was required for keeping a light continuous force (10, 13) .
Moreover, in clinics (15) (16) (17) and in experiments with big animals (18) (19) (20) , the use of implants for absolute anchorage allows orthodontic forces to be applied in certain directions. However, it is difficult to investigate periodontium in detail in terms of the reproducibility of results using such methodology. Therefore, development of a small animal model using implants has been eagerly awaited.
The aim of this study is to develop a mechanical stress model with which the force magnitude and direction can be controlled and stabilized for a long duration. An improved super-elastic Ti-Ni alloy closed-coil spring (4-6) generates a light continuous orthodontic force and a titanium screw implant serves as an absolute anchorage, making this model appropriate for small animal experiments.
Material and methods

Experimental animals
Seventy 11-week-old male Sprague-Dawley rats (350±19g body weight) were divided into 10 groups of 7: nine experimental groups, which varied in combination among three types of screw implant and three types of closed-coil spring (discussed later), and a control group. The results of survival rate and tensile strength were related to only the length of screw implant. All rats were fed a solid diet and given water ad libitum during the experimental period. All experiments were conducted under intraperitoneal anesthesia with 1ml/kg of ketamine hydrochloride (Ketalar 50; Sankyo Co., Ltd., Tokyo, Japan) containing 20% of xylazine hydrochloride (Celactal 2% injections; Bayer-Japan Co., Ltd., Tokyo, Japan) as a muscle relaxant after inhalant anesthesia with diethyl ether. To assess whole body effects, the animals were weighed every seven days. All procedures followed the guidelines of the Tokyo Medical and Dental University for Animal Research.
Coil springs
Three types of closed coil springs (lumen of 0.9mm) were formed by heat treatment (for 10 minutes at 500˚C) using Ti-Ni alloy wires, 0.092mm, 0.152mm and 0.183mm in diameter (Furukawa Electric Co., Ltd., Tokyo, Japan). To induce the super-elastic property in effective specimen length (2.0mm), a two-step heat treatment (for 5 minutes at 600˚C, for 180 minutes at 280˚C) was carried out using a salt bath (AS-140: nitrate salt; Rikakogyo, Tokyo, Japan). The relationship between load and displacement of Ti-Ni alloy closed coil spring was measured with a spring property test apparatus inside a thermoregulator controlled at 37˚C.
Anchorage
After disinfecting the lateral gingiva just behind a rat maxillary incisor, a small hole was drilled transversely by a dental micro-engine with a sterilized fissure bur. Three types of sterilized titanium screw implant (1.0 mm in diameter; 3.0, 3.5 and 4.0mm in length) (Shioda Co., Ltd., Tochigi, Japan) placed simultaneously with titanium plates into a prepared hole as anchorage for tooth movement (Fig. 1) . After tooth movement for 28 days, with each screw implant, the survival rate (number of retained implant after tooth movement without loss / number of installed implant) was calculated (n=7). The data for lost screw implants were excluded. Tensile strength was also measured (each experimental group, n=6).
Tooth movement
Seven days after installing the screw implants, three types of fabricated Ti-Ni alloy closed-coil springs (2, 10 and 35gf in load) were respectively placed at the fixed titanium plate and activated to fix at the maxillary first molar (M1) with a fixed cobalt-chromium alloy clamp (0.6mm in diameter) so that the springs ran along the palatal mucosa as closely as possible. The M1 was moved mesially up to 28 days ( Fig. 1, 2 ).
Measurement of tooth displacement
In each animal, 5 serial plaster models of the maxilla were fabricated with silicone impressions at 7-day intervals. According to the previously reported method (11, 13) , the interproximal space between the maxillary first and second (M2) molar was recorded on the plaster model as the distance of tooth displacement using a noncontact digital microscopic gauge (MS-214: Fusoh Co., Ltd., Tokyo, Japan) with a minimum readable distance of 10mm. The distance of tooth displacement per week was defined as the rate of tooth displacement.
Histological study
To evaluate the bone formation, tetracycline (Wako Pure Chemical Co., Ltd., Osaka, Japan) was intraperitoneally injected (0.2mg/kg) four times at 0, 7, 14 and 21-day tooth movement (Fig. 2) . Twenty-eight days after tooth movement, the anterior-half part of the rat skull including the screw implants and the M1 were cut out after sacrifice by neck dislocation under ether anesthesia, immersed and fixed for 24-72 hours with 10% neutral buffered formalin solution (4˚C, pH 7.4). The specimens for the ground sections were dehydrated with ethanol, and embedded in polyester resin (Rigolac; Nissin EM, Japan) by conventional procedures. The screw implants were cut sagittally along the long axis of the implants, and the distopalatal roots of the M1 were cross-sectioned at 900mm apically from furcations with a micro-cutting machine (BS 3000; Exakt, Norderstedt, Germany). Approximately 90mm thick undecalcified ground sections were made with a micro-grinding machine (MG 4000; Exakt, Norderstedt, Germany). The interface between the screw implant and the bone was observed with a scanning electron microscope, and bone formation around the distopalatal root of M1 was evaluated using a fluorescent microscope (Fluophot; Nikon Co., Ltd., Tokyo, Japan).
To assess detrimental effects such as hyalinization or root resorption in the periodontium around the compression areas, 2-gf and 10-gf groups and the control group (n=2) were fixed on day 14 post-attachment and decalcified with 10% EDTA solution for 28 days and embedded in paraffin by conventional procedures for horizontal serial sections. After hematoxylin and eosin (H&E) staining, periodontium around the compression areas at the middle one-third of M1 distobuccal roots were examined.
Statistical analysis
The significant differences of body weight between the experimental and control groups were analyzed using t-test between two unpaired groups (p<0.05). Regarding the distance and the rate of tooth displacement, after homoscedasticity was confirmed by analysis of variance (ANOVA) (p<0.05), a multiple comparison test was performed using Scheffe's test (p<0.05).
Results
Load-displacement curve
The relation between load and displacement of the three-type Ti-Ni alloy closed coil spring is shown in Figure 3 . During unloading from 100% to 20% of effective specimen length, the loads were stable in the vicinity of 35gf, 10gf and 2gf, respectively, and the super-elastic properties proved not to be permanent deformations. Furthermore, load hysteresis of the spring, the load difference between loading and unloading, was as small as 15% of the load in unloading.
Changes of body weight
There was no significant difference between the control group and the experimental groups, although for 7 days after installing screw implants there was no increase in body weight of the experimental groups (Fig. 4) .
Titanium screw implant
None of the 4mm-long screw implants showed any mobility, displacement or loss during the experimental period. As shown in Table 1 , the survival rate of the screw implants after tooth movement for 28 days increased, whereas the length of the implant increased or the load of spring decreased. The mean survival rate was 87%. The highest was at 95.2% for the 4.0mm-long screw implant. The tensile strength ranged from 10 to 40N. The highest was 40N for the 4.0mm-long screw implant (Fig.  5) . Observation of the interface between the screw implant and the bone in the 2-gf group with a scanning electron microscope revealed the screw implant contacted the bone, though no rigid osseointegration was found (Fig.  6 ).
Tooth movement
During the experimental period, none of the wires or the peripheries of the Ti-Ni alloy coil springs was broken. None of the springs was stuck into the palatal mucosa. Twenty-eight days after tooth movement, the space between M1 and M2 was identified (Fig. 7) . The distance of tooth displacement increased with time in all experimental groups (Fig. 8) . The displacement distance for the 2-gf group was 50% on day 7 and about 70% on days 14 and 28 for the 35-gf group. The displacement rate for the 2gf group was nearly constant throughout the experimental period, and there was no significant difference between the displacement rate for the 10-gf and 35-gf groups for 2-4 weeks (Fig. 9) . On the 2-gf group's ground sections, bone formation and mesial tooth movement were confirmed by finding the second to fourth of three tetracycline labeling lines on the alveolar bone surface of the distal side of M1 root (Fig. 10) . However, the first and the second labeling lines could not be distinguished because of the delay of bone formation at the beginning of tooth movement. The other experimental groups also indicated the same results. For the horizontal H&E-stained sections at the mesial pressure area on the distobuccal root of the M1 on day 14, periodontal ligament of the 2-gf group was hardly compressed. Osteoclastic bone resorption, which was not observed in the control group, was found on the alveolar bone surface without hyalinization, so-called direct bone resorption (Fig. 11b) . On the other hand, periodontal ligament of the 10-gf group was compressed and hyalinized tissue was observed. Undermining bone resorption was localized on the alveolar bone adjacent to the hyalinized area. Root resorption lacunae with odontoclasts were also found on the root surface just behind the undermining bone resorption (Fig. 11c) .
Discussion
We have developed a mechanical stress model applied to rat periodontium by means of tooth movement, in which the magnitude and the direction of loads are stable for a long period. A Ti-Ni closed coil spring generates a light continuous orthodontic force and a titanium screw implant provides an absolute anchorage.
The load-displacement curves show that the loads of the newly developed coil springs are 2gf, 10gf and 35gf. The curves also demonstrate that the load following tooth movement is slightly reduced in comparison with conventional materials, referred to as super elasticity. In particular, the 2-gf coil spring seems to be the optimal material for light continuous tooth movement, showing a gentle gradient of the curve in the super-elastic range. Also, the extremely small load hysteresis of the 2gf coil springs suggests that load variance due to the intraoral temperature changes of rats would be significantly small (4, 5) . The displacement in the 2-gf group was smaller than the other groups until 7 days after initiation of the tooth movement. However, the rate of tooth displacement in the 2-gf group was not significantly different from the others from 2 to 4 weeks. No detrimental effects, such as hyalinization or root resorption, was found on the periodontium of the 2-gf group, although they could be observed on the periodontium of the 10-gf group (11, 12) . These findings clarified that a load of 2gf provided minimum detrimental effects on the periodontium and efficient tooth movement with a continuous force.
The survival rates and the results of the tensile tests revealed that a 4.0mm-long screw implant was stable in comparison with 3.0mm and 3.5mm-long implants, since the bone-contacting area of the 4.0mm-long implant was more than that of the others. As the bone tissue around the cervical area of the rat maxillary incisor was significantly thin, sufficient osseointegration was not observed on the ground sections. However, because of weak traction, even though the teeth were moved for 28 days from 7 days after implantation, the screw implants seemed to be stable due to partial contact between the implant and the bone. The body-weight curve shows that the installation of the implant had unlikely affected the whole body. In experimental models in which a molar is moved with a closed coil spring attached to incisors, it would be a defect if the direction of a force changed as the incisor erupted, and the spring was moved away from the palatal mucosa and easily broken. Therefore, it would seem that the spring should be replaced in these models (10) . However, we were able to apply a stable force without replacing the appliance because the direction of force does not change when a molar is in traction from a screw implant. Using a titanium plate allowed us to finely adjust the direction of force and keep the spring close to the palatal mucosa, away from dislodgment and destruction. Furthermore, the spring is also easily replaceable using this type of plate. In further studies, this experimental model should be useful for reconsidering the magnitude and the duration of orthodontic forces, such as an intermittent force of 10gf (21) .
